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The entorhinal cortex provides both direct and indi-
rect inputs to hippocampal CA1 neurons through
the perforant path and Schaffer collateral synapses,
respectively. Using both two-photon imaging of
synaptic vesicle cycling and electrophysiological
recordings, we found that the efficacy of transmitter
release at perforant path synapses is lower than at
Schaffer collateral inputs. This difference is due to
the greater contribution to release by presynaptic
N-type voltage-gated Ca2+ channels at the Schaffer
collateral than perforant path synapses. Induction
of long-term potentiation that depends on activation
of NMDA receptors and L-type voltage-gated Ca2+
channels enhances the low efficacy of release at per-
forant path synapses by increasing the contribution
of N-type channels to exocytosis. This represents a
previously uncharacterized presynaptic mechanism
for fine-tuning release properties of distinct classes
of synapses onto a common postsynaptic neuron
and for regulating synaptic function during long-
term synaptic plasticity.
INTRODUCTION
The hippocampus and medial temporal lobe are part of a neural
circuit that is essential for the formation and storage of episodic
memory (Eichenbaum, 2000). In this circuit, the entorhinal cortex
(EC) relays polymodal sensory information via two parallel excit-
atory inputs to CA1 pyramidal neurons, the major output of the
hippocampus. Direct information from EC is relayed by layer III
neurons, which project through the perforant path (PP) to the
CA1 neuron distal apical dendrites in stratum lacunosum-molec-
ulare (SLM). Indirect information is relayed through the trisynap-
tic pathway, in which layer II EC neurons project to dentate gyrus
granule neurons, which excite CA3 pyramidal neurons, which
then form synapses onto the CA1 neuron proximal apical
dendrites in stratum radiatum (SR) through the Schaffer collat-
eral (SC) pathway.372 Neuron 63, 372–385, August 13, 2009 ª2009 Elsevier Inc.Long-term potentiation (LTP) of synaptic transmission
throughout the trisynaptic pathway has been widely implicated
in spatial learning and memory (Pastalkova et al., 2006). How-
ever, much less is known about the properties and plastic mech-
anisms of the direct PP synapses onto CA1 neurons. Although
these synapses do exhibit LTP (Golding et al., 2002; Nolan
et al., 2004; Remondes and Schuman, 2002), the molecular and
synaptic mechanisms underlying this plasticity have not been
characterized. This information is required to understand the
emerging role of these inputs in regulating CA1 neuron output
(Ang et al., 2005; Dudman et al., 2007; Jarsky et al., 2005;
Remondes and Schuman, 2002; Takahashi and Magee, 2009)
and in hippocampal-dependent memory storage (Brun et al.,
2002, 2008; Nakashiba et al., 2008; Nolan et al., 2004; Re-
mondes and Schuman, 2004).
The presence of converging glutamatergic PP and SC inputs
onto a common CA1 postsynaptic neuron also raises the ques-
tion whether the presynaptic properties of these synapses are
similar or distinct. This question is of further interest, as the
postsynaptic membrane at PP synapses has a lower density of
AMPA receptors compared to the SC synapses (Nicholson
et al., 2006). Do the PP presynaptic terminals help counteract
this postsynaptic difference by having a higher efficacy of vesicle
release in response to a presynaptic action potential? What are
the mechanisms of expression of PP LTP and how do they com-
pare to SC LTP? Is PP LTP expressed purely postsynaptically
(Kerchner and Nicoll, 2008), or is there also a presynaptic com-
ponent of expression, similar to that observed for some forms
of plasticity at SC synapses (Bayazitov et al., 2007; Choi et al.,
2000; Enoki et al., 2009; Ward et al., 2006; Zakharenko et al.,
2001, 2003)?Such questions are important, as presynaptic prop-
erties determine not only the strength of synaptic excitation but
also influence the temporal dynamics with which synapses filter
their inputs (Abbott and Regehr, 2004; Maass and Zador, 1999).
To address these questions, we first examined the presyn-
aptic properties of the PP to CA1 synapses and compared
them to the properties of the SC synapses under basal condi-
tions. Next we examined potential presynaptic changes in PP
terminals following induction of PP LTP. Because the very thin
apical dendrites prevent direct intracellular recordings, we relied
on two-photon imaging of FM1-43 fluorescence as an indi-
cator of synaptic vesicle cycling (Betz and Bewick, 1992) and
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(fEPSPs). Our results reveal unique release properties of the
PP versus SC terminals and demonstrate a previously unknown
mechanism for enhancing presynaptic function of the PP inputs
during LTP.
RESULTS
Presynaptic function at the PP inputs onto CA1 neurons in acute
hippocampal slices from adult mice was assayed by imaging
FM1-43 fluorescence during synaptic stimulation (Betz and
Bewick, 1992). Dyewas first iontophoretically injected into a focal
region of the slice from a patch pipette and then loaded into
PP presynaptic terminals using a 2 min train of 10 Hz electrical
stimulation to induce synaptic vesicle exocytosis and dye uptake
through subsequent endocytosis (see Figures 1A and 1B and
Experimental Procedures). Following FM1-43 loading, slices
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Figure 1. Two-Photon Imaging of FM1-43
Dye Uptake and Release at PP Presynaptic
Terminals in Acute Hippocampal Slices
(A) Experimental set-up andCA1 architecture. One
electrode (labeled ‘‘1’’) was used both for fEPSP
recordings and FM1-43 delivery and was placed
in the inner half of stratum lacunosum moleculare
(SLM). A stimulating electrode (labeled ‘‘2’’),
placed in SLM >200 mm from the recording elec-
trode, was used to elicit PP fEPSPs and to load
and unload dye from PP presynaptic boutons.
Dashed box shows approximate imaging field. In
experiments on SC synapses, we used a similar
arrangement but placed the recording (FM1-43)
and stimulating electrodes in stratum radiatum
(SR) (data not shown).
(B) Protocol for assaying FM1-43 release. Termi-
nals were loaded with dye by a 2 min period of
10 Hz stimulation of PP inputs in presence of
D-AP5 (50 mM) (and 10 mM CNQX in some experi-
ments). ADVASEP-7 (ADV-7) was then applied to
remove extracellular FM1-43. Next, PP inputs
were stimulated at 1.5 Hz for 4 min and then at
10 Hz for 2 min to release dye from terminals
(Unload).
(C) Two-photon images of fluorescent puncta in
SLM loaded with FM1-43 before (120 s and
60 s), during (60 s, 240 s, and 360 s), and after
(435 s) unloading stimulation. Unloading started
at 0 s. During 240–360 s interval, terminals were
maximally destained with 10 Hz stimulation.
(D) Time course of normalized FM1-43 fluores-
cence intensity of individual boutons during 1.5 Hz
unloading stimulation from experiment in (C).
(E) Histogramof FM1-43 destaining rates (1/t) from
individual terminals in SLM (N = 218 boutons, five
slices). See Experimental Procedures for details.
were bathed with the cyclodextrin ADVA-
SEP-7 to remove residual extracellular
dye (Kay et al., 1999; Zakharenko et al.,
2001), revealing bright spherical fluores-
cent puncta under observation with two-
photon microscopy (Figure 1C).
In the absence of further PP stimulation, puncta fluorescence
wasstableover thecourseofseveral hours (>90%of initial fluores-
cence). However, subsequent stimulation of the PP at 1.5 Hz
evoked a second round of vesicle exocytosis that caused greater
than 80%–90% of puncta to release FM1-43, leading to a signifi-
cant loss (15%–100%) of fluorescence intensity over several
minutes (Figure 1D). The time course of fluorescence decay in
eachboutonwaswell fitbyasingleexponential function, reflecting
the first-order kinetics of vesicle release from presynaptic termi-
nals (Liu and Tsien, 1995). The exponential time constant of dye
losswas thenconverted toa rateofFM1-43destaining (1/t),which
has been shown to provide a reliable index of the probability of
vesicle release (Pr) from SC terminals (Zakharenko et al., 2001).
Dye release rate among individual PP terminals showed a broad
distribution (Figure 1E), presumably reflecting a variability in Pr.
We next confirmed that the rate of dye loss provides a suitable
assay for the efficacy of presynaptic release at PP synapses byNeuron 63, 372–385, August 13, 2009 ª2009 Elsevier Inc. 373
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Figure 2. PP Synapses Exhibit Slower Kinetics of
FM1-43 Release and Larger Paired-Pulse Facilitation
Compared to SC Synapses
(A) Mean time course of FM1-43 destaining for PP (black trian-
gles) and SC (red squares) terminals. Error bars (SEM in all
figures) are shown and are smaller than symbols for most
points.
(B) Cumulative probability histograms of FM1-43 destaining
rates (1/t) from individual PP (black, N = 133 boutons, four sli-
ces) and SC (red, N = 276 boutons, six slices) terminals differ
significantly (p = 0.001, K-S test).
(C) fEPSPs elicited by paired-pulse stimulation (50 ms ISI) of
PP (black) and SC (red) inputs, recorded in SLM and SR,
respectively. Top, average fEPSP from three consecutive
sweeps. Bottom, average fEPSPs normalized to the peak of
the first fEPSP of each pair to better show facilitation during
second fEPSP.
(D) Mean paired-pulse ratio (PPR = fEPSP2/fEPSP1) of PP
(black triangles, n = 9 slices) and SC (red squares, n = 8 slices)
inputs across a range of ISIs. Asterisks indicate significant
differences (double asterisk, p < 0.001; single asterisk, p <
0.01; unpaired t test).showing that two manipulations known to enhance Pr produced
corresponding changes in the rate of FM1-43 release. First we
found that an increase in Pr caused by elevating extracellular
[Ca2+] produced an increase in the rate of dye destaining
(Figure S1). Second, we found that an increase in Pr in response
to the adenosine receptor antagonist 8-(p-sulfophenyl) theophyl-
line (8-PST; 40 mM), which enhances release by relieving tonic
presynaptic inhibition caused by basal levels of adenosine
(Yoon and Rothman, 1991), increased the fEPSP and produced
a >2-fold enhancement in the rate of FM1-43 destaining from the
PP terminals (Figure S2), in agreement with results for SC termi-
nals (Zakharenko et al., 2001).
PP Terminals on CA1 Neurons Have a Lower Efficacy
of Vesicle Release Compared to SC Terminals
To determine whether the efficacy of release from the PP and SC
terminals onto their common postsynaptic CA1 neuron target is
similar, we compared the kinetics of FM1-43 destaining at the
two inputs (Figures 2A and 2B). Surprisingly, the mean rate of
dye release from SC terminals (0.01575 ± 0.0013 s1; n = 276
boutons, 6 slices) was nearly 2-fold faster than the rate of release
from PP terminals (0.00811 ± 0.0047 s1; n = 133 boutons, 4 sli-
ces; p < 0.01, unpaired t test). There was also a shift in the cumu-
lative distribution of destaining rates of individual terminals to
higher values for SC synapses relative to PP inputs (Figure 2B;
p = 0.001, Kolmogorov-Smirnov two sample [K-S] test). Thus,
PP synapses appear to have a lower efficacy of vesicle release
than do the SC inputs.
Although the fields that we imaged contained both glutamater-
gic and GABAergic terminals, the latter account for less than
15% of terminals in SLM (Megias et al., 2001) and less than
2.5% of inputs in SR (Hiscock et al., 2000), indicating that our
imaging results should largely reflect release from excitatory
inputs. This view is supported by the above finding that the aden-
osine receptor antagonist increased the rate of FM1-43 destain-374 Neuron 63, 372–385, August 13, 2009 ª2009 Elsevier Inc.ing in both SLM (Figure S2) and SR (Zakharenko et al., 2001), as
adenosine selectively inhibits release from glutamatergic termi-
nals (Cunha and Ribeiro, 2000; Yoon and Rothman, 1991).
To complement the imaging results and provide a selective
measure of release efficacy at excitatory synapses, we com-
pared the magnitude of paired-pulse facilitation (PPF) of PP
versus SC fEPSPs, using GABAA and GABAB receptor antago-
nists to block inhibitory synaptic transmission (see Experimental
Procedures). Generally, the paired-pulse ratio (PPR) is thought to
be inversely related to release probability, so that a larger PPR is
indicative of a lower Pr, and vice versa (Zucker and Regehr,
2002). Consistent with the idea that PP synapses have a lower
release efficacy than SC synapses, the perforant path fEPSPs
showed much larger PPR compared to SC fEPSPs, across
a range of interstimulus intervals (ISIs) (Figures 2C and 2D). At
a 50 ms ISI, where we obtained maximal PPF, the perforant
path inputs (n = 9) showed a 40% ± 3% larger PPR than did
the SC inputs (n = 8; p < 0.001, unpaired t test). Although PPF
is an indirect measure of release efficacy and can be compli-
cated by postsynaptic effects or presynaptic changes not
related to initial release probability, for example, due to inactiva-
tion of voltage-gated Ca2+ channels (Zucker and Regehr, 2002),
the agreement of the PPF data with our FM1-43 imaging results
provides strong evidence that the efficacy of vesicle release at
PP inputs is indeed lower than that at SC inputs.
Lower Contribution of N-Type Ca2+ Channels to Release
at PP versus SC Inputs Accounts for Differences
in Efficacy of Release
What molecular mechanisms might underlie the differences in
presynaptic function between these two inputs? Previous
studies have found that transmitter release at SC synapses de-
pends largely on presynaptic Ca2+ entry through both P/Q-type
and N-type voltage-gated Ca2+ channels (VGCCs) (Qian and
Noebels, 2000; Wheeler et al., 1994). In contrast, transmission
Neuron
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onto dentate gyrus granule neurons is mediated primarily by
presynaptic P/Q-type channels (Qian and Noebels, 2001). Might
the lower efficacy of release at PP inputs from layer III EC
neurons onto CA1 neurons result from a low contribution of
N-type channels to release?
To address this question, we examined the relative impor-
tance of P/Q-type versus N-type channels for release at SC
andPPsynapses using specific toxins (Figure 3). Selective block-
ade of P/Q channels with 1 mM u-agatoxin IVA (u-Aga IVA)
resulted in a nearly complete block (90%–95%) of synaptic
transmission at both SC (n = 4) and PP (n = 6) inputs (no signifi-
cant difference in degree of block between inputs; p = 0.86,
unpaired t test; Figure 3A). In contrast, selective blockade of
N-type channels with 1 mM u-conotoxin GVIA (u-Ctx GVIA) re-
sulted in a significantly greater block of the SC fEPSP (49.2% ±
3% block; n = 15) compared to the PP fEPSP (24.4% ± 3%
block; n = 14; p < 0.00001, unpaired t test; Figure 3B), suggesting
that N-type channels preferentially contribute to release at SC
synapses, although P/Q-type channels are the predominant
Ca2+ source at both synapses (see Discussion for a quantitative
analysis of the relative contributions of these channels to re-
lease).
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Figure 3. Differences in Presynaptic Function
between PP and SC Synapses Are Due to a Differential
Contribution of N-Type Ca2+ Channels to Release
(A) Time course of mean normalized PP (black symbols, n = 6
slices) and SC (red symbols, n = 4 slices) fEPSP slope during
block of P/Q-type channels with 1 mM u-Aga IVA.
(B) Time course of mean normalized PP (black symbols, n = 14
slices) and SC (red symbols, n = 15 slices) fEPSP slope during
block of N-type channels with 1 mM u-Ctx GVIA.
(C) Mean time course of FM1-43 destaining from PP and SC
terminals under control conditions (PP: black filled triangles;
SC: red filled circles) and with 1 mMu-Ctx GVIA present during
unloading (PP: blue open triangles; SC: orange open circles).
(D) Cumulative probability histograms of FM1-43 destaining
rates (1/t) under control conditions for PP (solid black line,
n = 116 boutons) and SC terminals (solid red line, n = 102 bou-
tons) and in presence of 1 mM u-Ctx GVIA for PP (dotted blue
line, n = 86 boutons) and SC terminals (dotted orange line,
n = 114 boutons).
(E) Mean rates of FM1-43 destaining (1/t) under the conditions
in panels (C) and (D). Asterisks, significant difference com-
pared to PP control group (p < 0.002, ANOVA with Tukey’s
post hoc pairwise comparisons).
(F) Mean fraction of nondestaining boutons per microscopic
field of view under conditions of panels (C) and (D). Differences
between groups are not significant (p = 0.68; ANOVA). Number
of slices in each group is shown in data bars.
All error bars show SEM.
To explore the presynaptic contributions of
N-type channels more directly, we examined the
effects of the toxins on the kinetics of FM1-43 re-
lease. We first loaded PP or SC terminals with dye
in the absence of toxin. Next we applied u-Ctx
GVIA to block the N-type channels and measured
the kinetics of FM1-43 release during synaptic stim-
ulation. As illustrated in Figures 3C–3E, the toxin caused a signif-
icant, 2-fold decrease in the FM1-43 destaining rate at SC
terminals, from 0.01472 ± 0.0022 s1 (n = 102 boutons, 5 slices)
in the absence of toxin to 0.00768 ± 0.0005 s1 (n = 114 boutons,
5 slices) in the presence of toxin (p < 0.002, ANOVA with Tukey’s
post-hoc analysis for all comparisons). In contrast, u-Ctx GVIA
had no effect on dye release kinetics at the PP synapses, with
a destaining rate of 0.00783 ± 0.0004 s1 (n = 116 boutons, 4 sli-
ces) in the absence of toxin versus 0.00765 ± 0.0005 s1 (n = 86
boutons, 4 slices) in the presence of toxin (p > 0.9). Moreover,
the toxin did not alter the fraction of dye-loaded SC or PP termi-
nals that failed to destain during synaptic stimulation (Figure 3F;
p = 0.68, ANOVA), indicating the absence of a subpopulation of
terminals that relied solely on N-type channels for release.
These imaging results demonstrate that N-type channels nor-
mally make only a small contribution to vesicle release at PP
terminals whereas theymake a significant contribution to release
at SC terminals. Importantly, when N-type channels were
blocked, the rate of FM1-43 destaining was virtually identical
at the SC (0.00768 s1) and PP inputs (0.00765 s1; p > 0.9).
Thus, the enhanced efficacy of release at SC synapses relative
to PP synapses may be largely due to the greater contribution
of N-type channels to exocytosis at the SC synapses.Neuron 63, 372–385, August 13, 2009 ª2009 Elsevier Inc. 375
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to release at SC versus PP synapses, we compared the effects
of u-Ctx GVIA on PPF at these two inputs. Application of the
toxin had no effect on PPF (50 ms ISI) at perforant path inputs
(PPR was equal to 2.21 ± 0.1 in absence of toxin versus 2.22 ±
0.1 in presence of toxin; n = 8; p = 0.84, paired t test). In contrast,
the toxin significantly increased the amount of facilitation at SC
inputs, consistent with a decrease in release probability (PPR
was equal to 1.49 ± 0.1 in absence of toxin versus 1.79 ± 0.1
in presence of toxin; n = 14; p = 0.00005, paired t test). These
results provide independent support for the view that N-type
channels make a significantly larger contribution to release at
the SC synapses than at the PP synapses (see Discussion as
to why u-Ctx GVIA produced an 25% block in the PP fEPSP
but failed to alter FM1-43 release or PPF).
Induction of LTP at PP Inputs Enhances Efficacy
of Vesicle Release
Given our finding that basal presynaptic efficacy is low at PP
terminals, we wondered whether release at these terminals
could be enhanced by a 200 Hz tetanic stimulation protocol
known to induce a presynaptic component of LTP at SC inputs
that depends on both NMDARs and L-type VGCCs (Bayazitov
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Figure 4. LTP Induced at PP Synapses with 200 Hz
Tetanization Enhances theKinetics of FM1-43Release
(A) Protocol showing periods of PP stimulation, FM1-43 ionto-
phoresis, and applications of ADVASEP-7 and D-AP5.
(B) Time course of LTP induced with 200 Hz tetanus protocol
(protocol lasted 50 s starting at time 0). Mean normalized
fEPSP slope is plotted between Unload 1 and Load 2 periods
in A (n = 5 slices).
(C) Mean FM1-43 destaining time course measured 40 min
before (Unload 1, black squares; averaged from 176 boutons
from five slices) and 80–90 min after induction of LTP
(Unload 2, red squares; averaged from 129 individual boutons
from the same five slices).
(D) Cumulative probability histograms of FM1-43 destaining
rates of individual boutons (1/t) before (black trace, n = 176
boutons) and after (red trace, n = 129 boutons) induction of
LTP differ significantly (p < 0.001; K-S test). FM1-43 data in
(C) and (D) are from same experiments shown in (B).
(E) Time course of average FM1-43 destaining in interleaved,
nontetanized control experiments (n = 5 slices; Unload 1,
open black squares; Unload 2, open red squares).
(F) Cumulative probability histograms of FM1-43 destaining
rates in nontetanized, control experiments showed no signifi-
cant difference between Unload 1 (black trace, n = 229
boutons) and Unload 2 (red trace, n = 130 boutons; p = 0.38;
K-S test).
All error bars show SEM.
et al., 2007; Zakharenko et al., 2001, 2003). We
therefore compared the kinetics of FM1-43 release
measured before and after induction of 200 Hz LTP
(see protocol in Figure 4A). The 200 Hz tetanization
gave rise to a robust LTP of the PP fEPSP, leading
to a 71.0% ± 10% (n = 5) potentiation above base-
line 40–45 min posttetanus (Figure 4B). Impor-
tantly, the induction of LTP also led to a significant
enhancement in the rate of FM1-43 release, as seen by several
measures (Figures 4C, 4D, and 5).
First, we found that the mean time course of FM1-43 fluores-
cence decay in response to synaptic stimulation after the induc-
tion of LTP was more rapid than the destaining time course ob-
tained prior to induction of LTP in the same slices (Figure 4C).
Second, the cumulative distribution of destaining kinetics of
individual PP boutons was shifted to significantly higher rates
of release after the 200 Hz tetanus (Figure 4D; p < 0.001, K-S
test). In contrast, destaining kinetics determined at similar time
intervals in interleaved, nontetanized control slices (n = 5) were
relatively constant (Figures 4E and 4F; p = 0.38, K-S test; before
LTP, n = 229 boutons; after LTP, n = 130 boutons). Third, a
comparison of mean FM1-43 release rates from boutons in the
same optical field in individual slices before and after 200 Hz
tetanization demonstrated an increase in the rate of FM1-43 re-
lease after induction of LTP in all five experiments (Figure 5A). On
average, there was an55% enhancement in the mean destain-
ing rate after the 200 Hz stimulation, from 0.00740 ± 0.0008 s1
before LTP (Unload 1) to 0.01145 ± 0.0011 s1 after LTP (Unload
2; p < 0.02, paired t test). In contrast, there was no significant
change in destaining rate at comparable time points in the non-
tetanized control slices (Unload 1: 1/t = 0.00797 ± 0.0004 s1376 Neuron 63, 372–385, August 13, 2009 ª2009 Elsevier Inc.
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Presynaptic LTP at Cortical Inputs to CA1 Neuronsversus Unload 2: 1/t = 0.00750 ± 0.0002 s1; p > 0.10, paired t
test, n = 5). Thus, the long-term enhancement in dye release
kinetics was a specific effect of the tetanization and not due to
a time-dependent drift in release properties.
In addition to increasing release kinetics, does LTP enhance
the size of the recycling vesicle pool or augment the number of
functional release sites? To address these questions, we mea-
sured, respectively, the absolute fluorescence intensity of the
boutons after maximal dye loading (which is proportional to
vesicle pool size) and the total number of terminals that actively
took up and released dye with PP stimulation. Similar to previous
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Figure 5. Data from Individual Slices Show that LTP Enhances the
Kinetics of FM1-43 Release without Altering Vesicle Pool Size or
Number of Dye-Loaded Terminals
For all panels, small symbols show average data for boutons from individual
slices (same microscopic field in Unload 1 and Unload 2); large symbols
show mean data from all slices in each group.
(A) Effect of 200 Hz tetanic stimulation on FM1-43 destaining rates (1/t). Filled
squares, experiments where 200 Hz tetanus was applied after Unload 1. Open
squares, interleaved control experiments where no tetanus was delivered.
Significant differences were only seen between Unload 1 and Unload 2 de-
staining rates for tetanized slices (p < 0.02; paired t test).
(B) Mean total fluorescence intensity per bouton, a measure of recycling
vesicle pool size, with (filled symbols) or without (open symbols) 200 Hz
tetanus after Load 1. Fluorescence intensity between Load 1 and Load 2
was not altered by tetanus (p = 0.28; unpaired t test).
(C) The total number of boutons that load with dye with (filled symbols) or
without (open symbols) delivery of tetanus after Load 1. Number of boutons
loaded with dye was not altered by tetanus (p = 0.91; unpaired t test).
All error bars show SEM.findings at SC inputs (Zakharenko et al., 2001), induction of LTP
at PP inputs selectively enhanced the FM1-43 release kinetics,
with no increase in the total fluorescence per bouton (Figure 5B;
p = 0.28, unpaired t test) or number of actively cycling presyn-
aptic terminals (Figure 5C; p = 0.91, unpaired t test).
Independent evidence for enhanced presynaptic efficacy
during LTP comes from an examination of PPF, whereby we
found that the 200 Hz tetanus led to a reliable decrease in the
magnitude of the PPR in all slices (14/14) tested (Figures 6A
and 6B; pretetanus PPR: 2.19 ± 0.1; posttetanus PPR: 1.74 ±
0.1; p < 0.05, paired t test). Furthermore, the change in PPR
was linearly correlated with the magnitude of LTP (Figure 6C;
p < 0.01, R = 0.7, Pearson’s linear regression; see also Fig-
ure S4B). In contrast, there was no significant change in PPR
in interleaved, nontetanized control slices (n = 8; p = 0.24, paired
t test).
Next we examined whether induction of PP LTP with a theta
burst stimulation protocol (TBS) also enhanced presynaptic effi-
cacy, as TBS is thought to represent a more natural pattern of
hippocampal activity than 200 Hz tetanization. The TBS protocol
produced a significant potentiation of the PP fEPSP (Figure S3A;
42.6% ± 9% potentiation; n = 13), which was also associated
with a significant increase in the rate of FM1-43 destaining (Fig-
ures S3B and S3C; 39% increase; p < 0.05) and a reduction in
PPF (Figure S3D; p < 0.05, paired t test). These presynaptic
changes were smaller than those seen with the 200 Hz induction
protocol, consistent with the smaller magnitude of TBS-LTP.
Taken together, the above results indicate that the expression
of LTP at glutamatergic PP inputs induced by either 200 Hz or
TBS stimulation involves, at least in part, an increased efficacy
of vesicle release.
Enhancement in PPPresynaptic Function andLTPShare
a Dependence on NMDARs and L-Type VGCCs
Previous studies have found that LTP at PP synapses requires
activation of NMDARs and L-type VGCCs (Golding et al., 2002;
Remondes and Schuman, 2003). Therefore, if the enhancement
in presynaptic function is related to LTP of the fEPSP, then the
presynaptic enhancement should show a similar pharmacolog-
ical sensitivity. We first confirmed that 200 Hz LTP at the PP
synapses was sensitive to blockade of L-type Ca2+ channels
and NMDARs (Figures 7A and 7D). Inhibition of L-type channels
with 20 mM nitrendipine (n = 20) produced an 40% decrease in
the magnitude of LTP (n = 14; p < 0.05 compared to the control
ACSF group, ANOVA with Tukey’s post-hoc analysis in all
comparisons). Blockade of NMDARs with 50 mM D-AP5 during
the 200 Hz tetanic stimulation (n = 11) also produced a marked
reduction in the magnitude of LTP, resulting in an 65% block
(p < 0.05 compared to the control ACSF group). Finally, the
combined application of 20 mM nitrendipine and 50 mM D-AP5
completely blocked potentiation (99% decrease in LTP magni-
tude; n = 9; p < 0.05 compared to both ACSF and nitrendipine
alone).
Next we asked whether the pharmacological sensitivity of the
enhancement in FM1-43 destaining caused by the 200 Hz
tetanus was similar to the profile of LTP. Application of either
D-AP5 or nitrendipine on its own produced a significant but
only partial block in the ability of the tetanus to enhanceNeuron 63, 372–385, August 13, 2009 ª2009 Elsevier Inc. 377
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A Figure 6. Induction of LTP with 200 Hz Tetanization
Decreases Paired-Pulse Facilitation
(A) PP fEPSPs elicited by paired-pulse stimulation with 50 ms
ISI 15 min before (PPR 1, black traces) and 40 min after
(PPR 2, red traces) induction of LTP. Top traces, average
fEPSPs from five consecutive sweeps. Bottom traces,
average fEPSPs normalized to the peak of the first fEPSP.
(B) Paired-pulse ratios (50 ms ISI) for individual slices before
(PPR 1) and after (PPR 2) induction of 200 Hz LTP (filled
squares, n = 14) or for interleaved, nontetanized, control slices
(open squares, n = 8). Small symbols, average PPR of three
to five consecutive sweeps from individual slices. Large
symbols, mean of all slices in each group. Asterisk indicates
significant difference (p < 0.05) between PPR 2 and PPR 1 in
tetanized slices (paired t test).
(C) Fractional change in PPR following tetanus (PPR2/PPR1)
versus magnitude of LTP (40 min posttetanus) for tetanized
slices. Dashed red line shows linear fit (p < 0.01; R = 0.7,
Pearson’s linear regression).
All error bars show SEM.FM1-43 release (Figures 7B, 7C, and 7E). In contrast, the
combined application of the two inhibitors completely blocked
the increase in FM1-43 destaining rate. Moreover, the decrease
in PPF following 200 Hz stimulation shared the same pharmaco-
logical profile (Figure 7F). Overall, these data indicate that the
enhancement in presynaptic function and LTP in response to
200 Hz tetanic stimulation share a similar dependence on activa-
tion of both L-type Ca2+ channels and NMDARs, and this simi-
larity bears a tight quantitative relationship (Figure S4).
Increased Contribution of N-Type Ca2+ Channels
to Release Accounts for Enhanced Presynaptic
Function during PP LTP
Given the low basal contribution of N-type channels to release at
PP inputs, we asked whether the enhancement in presynaptic
function during LTP might result from an increased contribution
of these channels to the release process. To explore this ques-
tion, we compared the sensitivity of the PP fEPSP to blockade
of N-type channels in tetanized versus nontetanized slices
(Figure 8A). Strikingly, application of 1 mM u-Ctx GVIA produced
a nearly 2-fold larger inhibition of the PP fEPSP in tetanized slices
(52%± 3%block; n = 8) compared to nontetanized slices (28%±
7% block; n = 6; p < 0.001, unpaired t test). Moreover, in the
presence of u-Ctx GVIA, the fEPSP in tetanized slices was
reduced to a level almost identical to that in nontetanized slices
(p > 0.5; Figure 8A). Thus, application of u-Ctx GVIA almost fully
reversed the expression of LTP that was induced in the absence
of toxin. Therefore, not only does PP LTP involve an increased
contribution of N-type VGCCs to the fEPSP, but this increased
contribution appears to account for much of the potentiation.
Further evidence for an increased contribution of N-type chan-
nels to release comes from a comparison of the effects of u-Ctx
GVIA on PPF before and after induction of 200 Hz LTP (Fig-
ure 8B). As described above, u-Ctx GVIA had no effect on PPF
in nontetanized slices (n = 6; p > 0.9). However, following induc-
tion of LTP, application of the toxin significantly increased PPF378 Neuron 63, 372–385, August 13, 2009 ª2009 Elsevier Inc.(n = 8; p < 0.05, paired t test). Importantly, toxin application com-
pletely reversed the reduction in PPF seen during LTP (p > 0.9
compared to nontetanized control group, unpaired t test).
As a further test of whether LTP increased the contribution of
N-type channels to release, we compared the effects of u-Ctx
GVIA on the kinetics of FM1-43 release in tetanized versus non-
tetanized slices (Figure 8C). Whereas the toxin had no effect on
the rate of FM1-43 release in nontetanized slices (p > 0.9; Figures
8C and 8D; also see Figures 3C–3E above), u-Ctx GVIA pro-
duced a marked 40% reduction in the rate of dye release after
induction of LTP (Figures 8C and 8D; p < 0.01, ANOVA with
Tukey’s post-hoc analysis). Moreover, in the presence of toxin,
the rate of dye release following induction of LTP was reduced
to a level identical to that in nontetanized slices (p > 0.9). Thus,
u-Ctx GVIA reversed the effect of LTP to enhance the rate of
FM1-43 dye release, similar to its effect to abolish the potentia-
tion of the fEPSP and antagonize the changes in PPF. The above
results on fEPSP amplitude, PPF and FM1-43 release strongly
support the idea that there is an increased contribution of
N-type channels to release following induction of LTP that is
largely responsible for the enhancement in presynaptic function.
If LTP does indeed enhance the N-type channel component of
release,wemight expect that, following tetanization, a significant
residual fEPSP would be present when P/Q-type channels are
blocked with u-Aga IVA, in contrast to its ability to fully block
the fEPSP in nontetanized slices (Figure 3A). However, u-Aga
IVA produced a nearly complete block of the potentiated fEPSP
(by 88.5% ± 2%; n = 4) following induction of LTP (n = 4), similar
to the block in nontetanized slices (Figure 8E; n = 4; p = 0.91
between groups, unpaired t test). This suggests that even after
induction of LTP P/Q-type channels are the predominant source
of Ca2+ influx that triggers release.
To reveal a potential N-type-channel-dependent component
of release in the presence of u-Aga IVA, we increased Pr by
elevating external Ca2+ from 2 mM to 6 mM (Figure 8E). This re-
sulted in sizable fEPSPs (resolvable above recording noise) in
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Figure 7. Enhancement in the Kinetics of
FM1-43 Release and Decrease in PPF
following 200 Hz Tetanization Share Same
Pharmacological Profile as PP LTP
(A) Mean normalized PP fEPSP in response to
200 Hz tetanus (at 0 min, arrow) in absence or
presence of pharmacological inhibitors. Red
squares, ACSF alone (no inhibitors). Blue triangles,
50 mM D-AP5, applied during LTP induction
protocol (black bar). Orange circles, 20 mM nitren-
dipine, present throughout experiment. Nitrendi-
pine had no effect on basal synaptic transmission
(data not shown). Gray diamonds, joint presence
of 20 mM nitrendipine (throughout experiment)
and 50 mM D-AP5 (black bar). Black triangles,
ACSF alone without tetanus. Symbol key and color
code apply to all panels.
(B) Mean time course of FM1-43 destaining 80–
90 min after 200 Hz tetanus in absence or pres-
ence of inhibitors as in (A). Black triangles, no
tetanus.
(C) Cumulative probability histograms of FM1-43
destaining rates (1/t) showing effects of 200 Hz
tetanus with or without pharmacological inhibitors.
Legend gives number of boutons in each group.
(D) Effect of pharmacological treatments on LTP
magnitude measured as fEPSP slope 40 min
posttetanus, expressed as percent of fEPSP slope
during pretetanus baseline. No Tet group (black
data bar) shows fEPSP change measured at
comparable times without tetanization.
(E) Mean rates of FM1-43 destaining (1/t) mea-
sured 80–90 min following 200 Hz tetanus, with
or without indicated inhibitors. Destaining rate
was measured at a comparable time in No Tet
controls (black data bar).
(F) Mean fractional change in PPR after LTP, PPR2
(after tetanus) divided by PPR1 (before tetanus),
with or without inhibitors.
(D–F) Numbers of slices in each group are shown
in data bars. Single asterisks indicate significant
difference compared to ACSF control group;
double asterisks indicate significant difference
between specified groups (p < 0.05 in all compar-
isons; ANOVA with Tukey’s post hoc pairwise
comparisons).
All error bars show SEM.both tetanized and nontetanized slices and revealed that the
N-type-channel-dependent component of the fEPSP was
greatly enhanced following induction of LTP. Furthermore, these
fEPSPs were completely blocked by u-Ctx GVIA, indicating that
transmitter release in u-Aga IVA was fully dependent on N-type
channels (fEPSP after tetanization reduced to 0.067 ± 0.02 of
baseline; nontetanized fEPSP reduced to 0.058 ± 0.010 of base-
line; p = 0.64, unpaired t test). This result is consistent with
previous findings that R-type Ca2+ channels are not significant
contributors to PP synaptic transmission (Golding et al., 2002;
Takahashi and Magee, 2009; Tsay et al., 2007).
Final evidence for a role of N-type channels in the expression
of LTP comes from our determination of the magnitude of LTP in
the presence of u-Aga IVA and elevated Ca2+. If LTP involves
a selective increase in the N-type-channel component of re-
lease, there should be a larger fractional enhancement in thefEPSP during LTP when release is fully dependent on N-type
channels compared to the size of LTP under normal conditions,
when release contains a large, unchanging contribution from
P/Q-type channels. Indeed, we found that the magnitude of
LTP in 6mMCa2+ andu-Aga IVA (117%potentiation in tetanized
compared to nontetanized slices, Figure 8E) was over 2-fold
greater than the size of LTP in 2 mM Ca2+ with no toxin present
(54% potentiation, Figure 8E). This likely underestimates the true
increase in LTP of the isolated N-type channel component of the
EPSP as the Ca2+ elevation will enhance Pr on its own, and thus
partially occlude any presynaptic contribution to LTP.
DISCUSSION
In this study we find that the PP and SC glutamatergic inputs that
converge onto common CA1 pyramidal neurons have distinctNeuron 63, 372–385, August 13, 2009 ª2009 Elsevier Inc. 379
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Presynaptic LTP at Cortical Inputs to CA1 Neuronspresynaptic release properties. The PP terminals have a 2-fold
lower basal efficacy of release than the SC inputs, and this is
largely due to a smaller contribution of N-type voltage-gated
Ca2+ channels to vesicle release at the PP inputs. Moreover,
we find that the low probability of release (Pr) of the PP inputs
is enhanced upon induction of NMDAR- and L-type VGCC-
dependent LTP. Finally we find that this presynaptic enhance-
ment is due to the recruitment of N-type Ca2+ channels to the
release process, which makes an important quantitative contri-
bution to the increase in the fEPSP during LTP.
Basal Function of PP versus SC Synapses
Our measurements of FM1-43 destaining kinetics not only allow
a qualitative comparison of release efficacy at SC versus PP
synapses but can also provide an estimate of the quantitative
differences in Pr. Thus, at SC terminals a single stimulus at the
start of the 1.5 Hz destaining protocol releases 0.38%–0.50%
of the fluorescence in a bouton maximally loaded with dye. As
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Figure 8. Increased Contribution of N-Type
Ca2+ Channels during Expression of LTP
Accounts for Decrease in PPF and Enhance-
ment of FM1-43 Release Kinetics
(A) Time course of mean normalized fEPSP and (B)
mean normalized PPR for three groups of slices.
Two groups received a 200 Hz tetanus at 0 min
(arrow), either without (Tet, red squares) or with
application of 1 mM u-CTX GVIA (Tet + Ctx, black
circles, n = 8) ~38 min after tetanus (black bar). In
the third group (control), 1 mM u-Ctx GVIA was
applied without preceding tetanus (No Tet, +Ctx,
open circles, n = 6). For each time point in (B),
asterisks indicate significant difference between
starred group and other groups at that time point
(p < 0.01 at 35 min; p < 0.05 at 65 min;
ANOVA). (C) Mean FM1-43 destaining time course
80–90 min after tetanus in absence (Tet, red
squares, n = 291 boutons) or presence of 1 mM
u-Ctx GVIA (Tet, +Ctx, blue circles, n = 146 bou-
tons). Destaining data without tetanization (No
Tet) obtained in absence (No Tet, black squares,
n = 152 boutons) or presence of 1 mM u-Ctx
GVIA (No Tet, +Ctx, gray circles, n = 174 boutons).
Slices were loaded with dye in absence of toxin.
(D) Mean FM1-43 destaining rates 80–90 min
posttetanus. Number of slices in each group are
shown in data bars. Asterisks indicate significant
difference from tetanized group in absence of
toxin (Tet) (p < 0.01; ANOVA with Tukey’s post
hoc pairwise comparisons). (E) Time course of
mean normalized fEPSP with or without tetanus
followed by successive applications of 1 mM u-
Aga IVA, high Ca2+ (6 mM), and 1 mM u-Ctx
GVIA. Solid circles, 200 Hz tetanus delivered at
0 min (Tet, n = 4). Open circles, no tetanus given
(No Tet, n = 4). All error bars show SEM.
a typical SC bouton contains 100 recy-
cling vesicles (Harata et al., 2001a; Harata
et al., 2001b; Ryan et al., 1997), this yields
a Pr of 0.4–0.5, in agreement with pre-
vious estimates from FM1-43 imaging
(Zakharenko et al., 2001) and quantal analysis (Bolshakov and
Siegelbaum, 1995; Dobrunz and Stevens, 1997; Stevens and
Wang, 1994). For PP terminals, a single stimulus initially releases
only 0.22%–0.29% of dye fluorescence, roughly half that re-
leased from the SC puncta. Although the size of the recycling
vesicle pool at PP synapses has not beenmeasured, the fluores-
cence intensity of PP boutons after maximal dye loading is
similar to that of SC boutons (p > 0.1, unpaired t test), suggesting
comparable numbers of recycling vesicles. This yields an esti-
mate of Pr for the PP synapses of around 0.2–0.3, roughly
half the value at the SC terminals.
Our finding that PP synapses have a lower release efficacy
than that of the SC inputs complements the finding that the post-
synaptic membrane at PP synapses has a lower number and
density of AMPARs compared to the SC postsynaptic mem-
brane (Nicholson et al., 2006). In addition, the distal CA1 den-
drites have a greater density of HCN1 channels compared to
more proximal CA1 dendrites (Lorincz et al., 2002; Santoro380 Neuron 63, 372–385, August 13, 2009 ª2009 Elsevier Inc.
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Presynaptic LTP at Cortical Inputs to CA1 Neuronset al., 2000), resulting in a marked decrease in distal dendritic
integration and a reduced duration of dendritic Ca2+ spikes
(Nolan et al., 2004; Tsay et al., 2007).
What might be the function of having distal synapses handi-
capped by both inefficient presynaptic release properties and
low postsynaptic responsiveness? Nicholson et al. (2006) pro-
posed that dendritic cable filtering leads to such a large attenu-
ation of PP EPSPs at the CA1 neuron soma that effective infor-
mation transfer requires the amplification of EPSPs through the
firing of distal dendritic Ca2+ spikes. However, because the distal
dendrites have a high input impedance, even a relatively weak
excitatory input may be sufficient to trigger a local spike. The
combination of a low Pr and a low postsynaptic AMPAR density
ensures that dendritic spikes can only be elicited by the cooper-
ative firing of multiple PP inputs. Thus, only salient entorhinal
cortex activity sufficiently above background is able to propa-
gate to the CA1 soma.
A second potential function of a low Pr is to render the flow of
information from the entorhinal cortex to CA1 neurons depen-
dent on input firing frequency. Thus, whereas isolated single
presynaptic action potentials are poor triggers of exocytosis at
PP synapses due to their low Pr, a burst of presynaptic spikes
will elicit release more efficiently due to the marked PPF at these
synapses. Typically, layer III entorhinal cortex neurons, which
give rise to the CA1 PP inputs, fire single spikes (Frank et al.,
2001; Fyhn et al., 2004; Yoshida and Alonso, 2007). However,
pharmacological blockade of the M-type voltage-gated K+
current causes these neurons to fire high-frequency bursts
(Yoshida and Alonso, 2007). Thus, modulatory transmitters that
downregulateM-current in layer III neuronsmay provide ameans
of facilitating information flow to CA1 neurons.
Our finding of large PPF at the PP to CA1 synapses in hippo-
campal slices from 5- to 7-week-old mice is in agreement with
recent results for PP to CA1 synapses in slices from 4- to 6-
week-old rats (Speed and Dobrunz, 2009), suggesting this
property is not species specific. However, this same study re-
ported larger values for PPF at SC synapses than we find in
mice, so that PPF values were similar at the rat SC and PP
synapses. In contrast, other groups have reported lower PPF
values at SC synapses in rats, more similar to our results (Kamiya
and Ozawa, 1998; Mahmoud and Grover, 2006; Otmakhova and
Lisman, 1999). Further studies will be needed to examine
whether these discrepancies at SC inputs reflect genuine differ-
ences between species or some more subtle experimental
difference.
Differential Contribution of N-Type Ca2+ Channels
to Basal Release at PP and SC Synapses
Results from previous studies also suggest that distinct
synapses in the hippocampus have different contributions from
N-type versus P/Q-type Ca2+ channels. Thus a sizable contribu-
tion of N-type Ca2+ channels to release at SC synapses has been
previously reported (Qian and Noebels, 2000; Wheeler et al.,
1994), similar to our results. In contrast, release from the PP
inputs from layer II EC neurons onto dentate gyrus granule cells
shows little dependence on N-type channels (Qian and Noebels,
2001), similar to our results for the CA1 neuron inputs from layer
III EC neurons. This suggests a generally low level of N-typechannel involvement in the basal release efficacy of cortical
inputs to the hippocampus.
One question raised by our results is why, under basal condi-
tions, does u-Ctx GVIA produce an 25% decrease in the PP
fEPSP but have no effect on the kinetics of FM1-43 destaining
or PPF at the same synapses (see Figure 3). This result could
occur, in principle, if a small fraction (i.e., 25%) of PP terminals
relied solely on N-type channels for release whereas the rest of
the terminals relied on P/Q-type channels. In this case, the pres-
ence of u-Ctx GVIA during the destaining stimulation or assay of
PPF would completely block release at those terminals depen-
dent on N-type channels (accounting for the 25% decrease in
the fEPSP) but should not alter release from themajority of termi-
nals dependent solely on P/Q-type channels, thus explaining the
lack of effect of toxin on PPF or FM1-43 kinetics. However, this
hypothesis predicts thatu-Ctx GVIA should increase the fraction
of PP terminals that fail to release dye during the destaining stim-
ulation. In contrast, we found no change in this parameter, either
at PP or SC terminals (Figure 3F; p = 0.68, ANOVA). Thus, we
suggest that the quantitative discrepancy may instead reflect
a relative lack of sensitivity of our measures of presynaptic func-
tion to small changes in release upon N-type channel blockade.
Alternatively, postsynaptic N-type Ca2+ channels in distal
dendrites may be activated to some extent by the local EPSP
(Bloodgood and Sabatini, 2007; Tsay et al., 2007) and thus
make a small (that is, up to 25%) postsynaptic contribution to
the fEPSP.
Enhancement of PP Presynaptic Function during LTP
Our study also addresses a potential presynaptic contribution to
the expression of LTP at PP to CA1 neuron synapses. Based on
our findings that the induction of LTP enhances FM1-43 release
kinetics and reduces PPF at the PP synapses, we conclude that
an enhancement in presynaptic release of glutamate is likely to
be a major contributor to the enhancement of the EPSP during
PP LTP. The presynaptic enhancement we observed at PP
synapses upon induction of LTPwith 200Hz and TBS stimulation
protocols is similar to the presynaptic enhancement observed at
SC synapses with similar patterns of activity (Bayazitov et al.,
2007; Zakharenko et al., 2001). Moreover, at both synapses
the induction of LTP and the presynaptic enhancement depend
on the activation of NMDARs and L-type VGCCs, supporting
the existence of a general presynaptic module of LTP (Zakhar-
enko et al., 2003). As this form of LTP requires postsynaptic
receptor activation yet involves a presynaptic contribution to
expression, it is likely to recruit a retrograde signal. However, it
is also important to note that our results do not exclude a post-
synaptic component of expression for PP LTP, such as that
found at SC synapses (Kerchner and Nicoll, 2008). Indeed our
finding that the induction of PP LTP results in an70% enhance-
ment in the fEPSP but only an 55% enhancement in the FM1-
43 destaining rate suggests that at least 15% of the fEPSP
potentiation might be caused by a postsynaptic mechanism.
Given the low initial efficacy of release at PP synapses, an
enhancement in release during LTP would greatly increase the
reliability of information transfer through this pathway. This might
relieve the necessity for the firing of spike bursts by the layer III
EC neurons, transforming these inputs from a conditional toNeuron 63, 372–385, August 13, 2009 ª2009 Elsevier Inc. 381
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enhanced presynaptic function will increase activation of post-
synaptic metabotropic glutamate receptors, which participate
in the induction of several forms of synaptic plasticity, including
heterosynaptic input-timing-dependent-plasticity caused by
paired activation of PP and SC inputs (Dudman et al., 2007).
Enhanced Contribution of N-Type Ca2+ Channels
to Release at PP Synapses during LTP
Perhaps themost novel finding of our study is that the increase in
release efficacy at PP synapses during LTP depends on the
recruitment of N-type Ca2+ channels to the release process.
Such a potential mechanism was previously explored for SC
LTP induced by 100 Hz tetanic stimulation (Wheeler et al.,
1994) and for mossy fiber LTP at synapses from dentate gyrus
granule neurons onto CA3 neurons (Castillo et al., 1994). In
both instances, N-type channel contributions to synaptic trans-
mission were not enhanced during LTP. However, at both of
these synapses the N-type channels make a large contribution
to release under basal conditions, unlike at the PP inputs studied
here. Thus, an N-type-channel-dependent presynaptic mecha-
nism of LTP may be recruited preferentially at synapses with
lower basal contributions of N-type channels. Moreover, be-
cause induction of the presynaptic component of SC LTP re-
quires relatively strong tetanization protocols, it will be important
to re-examine the role of N-type channels in LTP at SC synapses
specifically for those protocols that recruit a presynaptic compo-
nent of LTP expression (Bayazitov et al., 2007; Choi et al., 2000,
2003; Emptage et al., 2003; Enoki et al., 2009; Ward et al., 2006;
Zakharenko et al., 2001, 2003).
If LTP increases the contribution of N-type channels to trans-
mitter release, why do these channels fail to generate an EPSP
on their own (in normal extracellular Ca2+) when P/Q type chan-
nels are blocked with u-Aga IVA following induction of LTP
(Figure 8E)? One possible explanation depends on the highly
cooperative power relation between internal Ca2+ and release
(4th power law at many central synapses) (Borst and Sakmann,
1996; Mintz et al., 1995). Because of this non-linear relation,
a small increase in Ca2+ influx through recruitment of N-type
channels during LTP would be sufficient to produce a sizable
increase in release, even if P/Q-type channels are the predomi-
nant source of Ca2+.
To provide an illustrative example, we start by assuming a 4th
power relation between intracellular [Ca2+] and release (although
we have not directly measured this for the PP synapses). The
large effect of P/Q-type channel block and small effect of
N-type channel block on the PP fEPSP in nontetanized slices
can be accounted for quantitatively if we assume that P/Q-
type channels provide 93% of the Ca2+ coupled to release,
with N-type channels providing the residual 7%. Under these
conditions blockade of P/Q-type channels will almost fully block
transmission (residual N-type channel-dependent release as
a fraction of initial release is given by 0.074 = 0.00002) whereas
blockade of N-type channels will produce a 25% reduction
(fractional release given by 0.934 = 0.75), which is what we
observed prior to induction of LTP.
To account for the70%potentiation of the fEPSP during LTP
(in the absence of toxins), we need postulate only an 14%382 Neuron 63, 372–385, August 13, 2009 ª2009 Elsevier Inc.increase in total Ca2+ influx coupled to release through recruit-
ment of N-type channels (1.144 = 1.7). Thus, even after LTP,
P/Q type channels will account for the vast majority of Ca2+ influx
coupled to release (equal to 93%/114% of total Ca2+), with
N-type channels contributing the minority share (21%/114%).
As a result, blockade of P/Q-type channels following induction
of LTP will decrease the terminal Ca2+ to 21% of its initial level
before LTP, still producing a nearly complete block of the fEPSP
(0.214 = 0.002), as we observed with application of u-Aga IVA in
normal extracellular Ca2+ during LTP (Figure 8E). Because the
contribution of P/Q-type channels to release is unchanged
during LTP, blockade of N-type channels following tetanization
should reduce release to the same level as when N-type chan-
nels are blocked prior to LTP (0.75 of the initial release level),
similar to what we found (Figure 8A). This predicts a 56% reduc-
tion in the size of the fEPSP during LTP upon N-type channel
blockade (given by [(1.7 – 0.75)/1.7] 3 100%), consistent with
the 52% ± 3% reduction we observed upon application of
u-Ctx GVIA after tetanization.
Although blockade of P/Q-type channels nearly eliminated the
EPSP even after LTP, we were able to reveal a purely N-type-
channel-dependent fEPSP by elevating external Ca2+ to 6 mM
to increasePr (Figure8E). Importantly, theexpressionofLTPunder
these conditions was 2-fold greater than the amount of LTP under
normal conditions, where release depends on both P/Q-type and
N-type channels (Figure 8E). These results strongly support the
view that LTP is due in large part to a selective increase in the
contribution of N-type channels to release, although P/Q-type
channels remain the predominant source of Ca2+.
Potential Mechanisms Underlying the Enhanced
Contribution of N-Type Ca2+ Channels to Release
at PP Synapses during LTP
Several mechanismsmay account for the increased contribution
of N-type channels to release during LTP. First, there may be
increased Ca2+ influx through these channels. This could occur
through the insertion of additional N-type channels in the presyn-
aptic membrane (Viard et al., 2004) or the reversal of a tonic G
protein-dependent inhibition of N-type channel function (Catter-
all and Few, 2008; Evans and Zamponi, 2006). Activation of
protein kinase C (PKC), which has been implicated in LTP (Wik-
strom et al., 2003), is an attractive candidate mechanism as PKC
can enhance N-type channel activity directly and antagonize
signaling cascades that inhibit N-type channel opening (Evans
and Zamponi, 2006; Swartz et al., 1993).
Second, there may be an enhanced coupling between Ca2+
influx through the N-type channels and the release machinery.
In many CNS terminals, including the EC layer II neuron projec-
tions to the dentate gyrus (Qian and Noebels, 2001), Ca2+ influx
through N-type channels is less efficiently coupled to release
compared to Ca2+ influx through P/Q-type channels (Mintz
et al., 1995; Qian and Noebels, 2000; Wu et al., 1999). Such en-
hanced coupling could result from an increase in the proximity
of N-type channels to vesicle release sites at active zones, for
example, through an anchoring mechanism mediated by RIM1
(Kiyonaka et al., 2007), a presynaptic molecule important for
long-term plasticity at a variety of CNS inputs (Chevaleyre et al.,
2007; Lonart, 2002). Indeed, tightening of the spatial coupling
Neuron
Presynaptic LTP at Cortical Inputs to CA1 Neuronsbetween VGCCs and synaptic vesicles occurs during develop-
ment at a central synapse andhas been found to enhance release
(Fedchyshyn and Wang, 2005; Wang et al., 2008).
A third potential mechanism involves increased Ca2+ influx
through the broadening of the presynaptic action potential during
LTP. Although spike broadening does indeed enhance the
opening of N-type channels during an action potential, it should
also enhance P/Q-type channel activation (Li et al., 2007). As
we found no change in presynaptic efficacy during LTP when
N-type channelswere blocked and releasewas solely dependent
on the P/Q-type channels (Figure 8), this mechanism appears
unlikely. In principle, it may be possible to distinguish between
enhanced Ca2+ influx versus enhanced coupling models for
LTP by imaging Ca2+ in PP presynaptic terminals during LTP.
However, it will be a daunting technical challenge to resolve the
small14% increase in Ca2+ influx sufficient to account for LTP.
Importantly, whether due to increased N-type channel Ca2+
influx or increased coupling to release, our results indicate that
perforant path LTP recruits an enhanced contribution of N-type
channel Ca2+ microdomains to vesicle release that leads to
a substantial increase in the low initial release probability at the
PP synapses. Therefore, by characterizing mechanisms of PP
presynaptic function and LTP, we have identified and highlighted
the dual role of presynaptic N-type channels as a novel molec-
ular substrate underlying both input-specific presynaptic release
properties and long-term synaptic plasticity. Moreover, both of
these regulatorymechanisms are poised to differentially regulate
information flow through the hippocampal circuit.
EXPERIMENTAL PROCEDURES
Slice Preparation and Electrophysiological Recordings
Horizontal brain slices were prepared from 5- to 7-week-old C57Bl6 mice
using standard procedures as described (Dudman et al., 2007; see Supple-
mental Experimental Procedures for details). ACSF contained (in mM): NaCl
(125), NaH2PO4 (1.25), KCl (2.5), NaHCO3 (25), glucose (25), CaCl2 (2), MgCl2
(1), and Na-pyruvate (2), bubbled to pH7.4 with 95%O2/5% CO2. Excitatory
responses were isolated with blockers of GABAA (2 mM SR95531) and GABAB
(1 mM CGP55845A) receptors. The CA3 region was surgically removed to
prevent epileptiform activity and activation of the trisynaptic circuit during
stimulation of the PP. Slices were perfused (2–3 ml/min) with standard
ACSF and held at 33C–35C throughout all experiments. fEPSPs were re-
corded in current-clamp mode with an Axoclamp-2A amplifier (Molecular
Devices, Sunnyvale, CA). Data was digitized on a Windows PC using an
EPC-9 amplifier controlled by PULSE acquisition software (Heka Instruments).
Recording pipettes (3–5 MU) were filled with ACSF alone or ACSF containing
125 mM FM1-43 (Invitrogen/Molecular Probes, Carlsbad, CA).
Extracellular field stimuli (0.1 ms square current pulses) were applied with
concentric bipolar stimulating electrodes positioned >200 mm from sites of
recording/imaging and placed in either the inner half of SLM or middle of SR to
activate CA1 PP or SC inputs, respectively (Dudman et al., 2007; Nolan et al.,
2004).Stimulation intensitywasset togiveahalf-maximal fEPSPslopeand inputs
were stimulated at 0.033 Hz to monitor synaptic transmission (responses were
binned into 2 min intervals in experiments involvingu-Ctx GVIA andu-Aga IVA).
PPF was measured in the presence of D-AP5 (50 mM) in experiments not
involving LTP but in the absence of D-AP5 in LTP experiments. The D-AP5
had no effect on PPF. For experiments involving u-Aga IVA, the magnitude
of the small residual fEPSP was measured as the difference between the
response in the absence and presence of CNQX (10 mM; applied at end of
experiments) to reduce contamination of the small fEPSP by the stimulus arti-
fact and fiber volley. See Supplemental Experimental Procedures for details of
drug and toxin application.PP LTP was induced with either (1) a 200 Hz protocol consisting of ten trains
of 200ms periods of stimulation at 200 Hz, delivered once every 5 s; (2) a theta-
burst stimulation (TBS) protocol consisting of four theta-burst trains of stimuli
once every 20 s. Each theta-burst train consisted of five bursts every 200 ms,
with each burst containing ten stimuli at 100 Hz.
FM1-43 Loading and Unloading
FM1-43 was loaded into presynaptic terminals using a protocol similar to that
described previously (Zakharenko et al., 2001, 2003). However, here we
applied dye using a 5 min, 200 nA positive iontophoretic current pulse from
a patch pipette filled with 125 mM FM1-43, instead of using pressure ejection
of dye from a patch pipette as done previously, as the current pulse produced
lessmovement in the slice. The pipette was placed100 mmbelow the surface
of the slice in either the inner half of SLM or middle of SR and dye delivery was
monitored using two-photon imaging. Blockers of ionotropic glutamatergic
transmission (50 mM D-AP5, with or without 10 mM CNQX as noted below)
were added to the external solution to prevent excitotoxic damage and induc-
tion of plasticity caused by synaptic stimulation during the loading and unload-
ing procedures. Presynaptic terminals were imaged in a region 15–30 mmaway
from the tip of the recording/dye delivery electrode to ensure that imaged
terminals were likely to contribute to recorded fEPSPs. After 2min of dye ionto-
phoresis, input pathways were stimulated at 10 Hz for 2 min to trigger exocy-
tosis of synaptic vesicles and load dye into recycling vesicles. The dye ionto-
phoresis period lasted an additional minute past the end of axonal stimulation
to ensure the completion of endocytosis and, thus, of dye uptake. This
protocol loaded dye into terminals maximally.
Once terminals were loaded with dye, 200 mMADVASEP-7 (Cydex, Lenexa,
KS) was added to the external solution and slices were further perfused for
20–30 min to remove any dye bound to extracellular tissue (Kay et al., 1999).
We also included ADVASEP-7 during the unloading period to prevent the reup-
take of dye into terminals following exocytosis. To determine FM1-43 destain-
ing rates during the unloading procedure, we stimulated the input pathways at
1.5 Hz for 4 min. At the end of this stimulation, we immediately applied
a second round of stimulation at 10 Hz for 2 min to maximally unload dye
and to calculate residual fluorescence for subsequent background subtraction
and normalization. Only those terminals showing a significant (>15%) loss of
fluorescence upon electrical stimulation were considered for analysis.
Previously, we found that loading and unloading of SC terminals with dye
was not altered byCNQX (Zakharenko et al., 2001). In preliminary experiments,
we found that CNQX similarly did not affect dye loading and unloading at PP
terminals, indicating that the dye release was not complicated by activation
of postsynaptic neurons. Therefore, in experiments involving FM1-43 assays
before and after induction of LTP, we did not include CNQX since D-AP5 alone
was sufficient to prevent dendritic damage and induction of plasticity caused
by synaptic stimulation during the load/unload periods.
Two-Photon Imaging and Analysis
Two-photon microscopy was performed using a custom-modified BioRad
(Zeiss, Jena, Germany) 1024-MP or Radiance 2100-MP (for Figure S2 only)
microscope as described (Tsay et al., 2007; Zakharenko et al., 2001). Images
in a z-stack were maximally projected, aligned in time series, and fluorescence
time course of puncta in imaging fields analyzed with custom-written software
in Interactive Data Language (IDL, Research Systems, Inc., Boulder, CO), as
described previously. See also Supplemental Experimental Procedures for
further details.
All error bars represent standard error. Statistical tests were performed using
Origin software (OriginLab Corp., Northampton, MA). The normal distribution of
all data groups in which t test and ANOVA comparisons were made was first
confirmed with the Shapiro-Wilk test. The Kolmogorov-Smirnov test was used
forgroupsof data thatwerenotnormally distributed (p<0.05,Shapiro-Wilk test).
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures and four
figures and can be found with this article online at http://www.cell.com/
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